Introduction
There is a growing need to install Continuous Welded Rail (CWR) on existing steel bridges with a view to saving labor in track maintenance, noise reduction, ride quality improvement and reducing fatigue damage on steel bridges caused by impacts at rail joints. On the other hand, the installation of CWR exerts additional axial force (CWR load) on the rail and the bridge according to the resistance to rail-creepage of the rail fastening system. Since existing bridges were designed without consideration of CWR load, most existing bridges are often not eligible for CWR installation.
The bearing load capacity is insufficient in current design methods for CWR loads, especially the mortar bearing capacity in the front of the rib of the steel bearing as shown in Fig.1 [1] . However, there are no current reports of bearing failure of the mortar even when the steel bearing has been damaged by considerable axial forces, e.g. in earthquakes [2] . This suggests that the problems underlying CWR installation can be traced back to the design calculation which doesn't take into account the actual bearing failure behavior adequately. In addition, CWR loads themselves given in design calculations also need to be revised they have not been verified enough.
In this study, the influence of CWR installation on the existing bridges is evaluated from both the CWR load and steel bearing capacity viewpoints, by measuring CWR load on existing bridges and by carrying out laboratory tests.
Evaluation of CWR load

Measurement of CWR load
Temperature changes in the rail and steel girders cause relative displacement between the rail and steel girder. This relative displacement generates the axial force on the rail according to the resistance to the rail-creepage of the rail fastening system. At the same time, a reaction force is also exerted on the steel girder, and the steel bearing is subject to the sum of the axial forces, i.e. the CWR load.
Field measurements at two existing bridges with CWR were made and are shown in Table. 1 and Fig.2 , in order to investigate the actual behaviors of relative displacement between the rail and steel girder, the resistance to railcreepage, the distribution of axial forces on the rail, and CWR load. The structure of the selected bridges was deck girder which is the most wildly used type in railways. Steel bearings were deployed with an FM system, i.e. alternating a movable bearing and a fixed bearing. The resistance to rail-creepage in Table. 1 is the set value for the rail fastening system.
In this study, the maximum value in the daily and yearly change in axial forces was extracted by measuring continuously during the winter [12/Jan/2012 -29/ Feb/2012] and summer [3/Jun/2012 -23/Jun/2012], in order to obtain the maximum range of the resistance to railcreepage and CWR load. The measurement was carried out by the West Japan Railway Company and the data provided by this company was analyzed. The distribution in Fig.3 was calculated as the difference between 6 a.m. and 1 p.m. on a typical day in the summer. Figure. 3 also shows the theoretical value of the rail axial force [3] .
In Case A2 where the measurement was made in an unmovable section, the direction of the relative displacement reversed at the mid span, and as a result the gradient of the axial force reversed at the same point. This is the same tendency as the theoretical axial force. In Case B1 [Movable section], the axial force gradually increased which is also similar to the theoretical tendency. The reason for the gradual increase is that the relative displacement occurs in a single direction along most of the girder span due to the large displacement of the rail which is caused by the expansion joint.
On the other hand, the gradient values of the measured axial force were much larger than the theoretical value in several sections, e.g. Sec.2 in Case A2. Figure.4 shows the resistance to rail-creepage which is the gradient value of the axial force. Figure.4 illustrates that the resistance to rail-creepage changed linearly and exceeded the set value although the resistance should appear as a nonlinear spring. It was also observed that the gradient value varied irregularly in Fig.3 , e.g. Sec.4 in Case A2 and Sec.4 in Case B1. These linear and variable behaviors of the resistance to rail-creepage were caused presumably by the corrosion and hard bolting of the rail fastening system.
The above consideration led to the conclusion that the actual distribution shape of the axial force on the rail could be similar to the theoretical distribution. However, the resistance to rail-creepage tended to be much larger and varied in comparison to the set value due to corrosion and hard bolting of the rail fastening system. 
CWR load
CWR load, to which the steel bearing is subjected, is represented as the sum of the axial force along the steel girder as shown in Fig.3 . CWR load is clearly greatly affected by the variation in resistance to rail-creepage. Therefore, CWR load was verified by comparing it with the design value specified in the present design code [1] , since it is difficult to develop an expression for CWR load due to the variation. Figure. 5 shows the measured CWR load in Case A2 in a year, and Fig.6 shows the ratio of the maximum range of the measured CWR load to the design value. From Fig.6 , the measured CWR loads in the unmovable section of the CWR were well below the design value, whereas the measured CWR loads in the movable section of the CWR clearly exceeded the design value. For this reason, the design value is calculated on the assumption that the monotonic increase in the distribution of the axial force is monotonic, as shown in Fig.7 . Since the gradient of the axial force reverses in the unmovable section as described above, CWR load can be below the design value even though the gradient varies. However, CWR load in the movable section can exceed the design value since the axial force increases monotonically as the design assumption and additionally the gradient varies. From the above considerations it was found that the present design value of CWR load can be used to evaluate whether the CWR can be installed on a steel girder on an unmovable section. For CWR installation on a movable section, CWR load must be estimated on a case by case basis.
Evaluation of steel bearing capacity
Experiment of steel bearing
An experiment was conducted to identify the failure mode and steel bearing capacity for the axial forces. Figure.8 shows the loading conditions in the experiment and Fig.9 shows the specimens. Axial load was increased horizontally under the vertical load corresponding to the dead load of the girder and the live load of the vehicle. The mock steel bearings were specially made and used as the specimens, in order to attach the jig for loading. The specimens produced for the tests were 3 types of ST2, ST7 and ST9 used for deck girder spans of 10, 20 and 30 m respectively. The size and material of ST2, ST7 and ST9 are specified in railway standards [4] . The bearing specimen was set on the abutment specimen employing mortar with a compressive strength of 25 N/mm 2 in accordance with past constructions. Figure. 10 shows the result of the relationship between the displacements of the bearing bottom and the horizontal load in the loading on ST7. The steel bearing rotated upward on the edge as a pivot point with the increase in horizontal load, and mortar cracking was observed at the lower end of the rib when the horizontal load reached 598 kN, as shown in Fig.11 . The crack propagated slightly downward after the initiation, and the vertical and horizontal displacement of the steel bearing increased steadily due to the opening of the mortar crack. With the crack opening, the anchor bolt resisted to most of the horizontal load, and eventually the specimen was broken with the anchor yielding or the mortar crack around the anchor.
Failure mode
These behaviors were observed for both ST2 and ST9. Therefore, the failure mode of the steel bearing can be explained by the combined factors of the steel bearing rotation and the mortar crack at the lower end of the rib. It was also confirmed that the axial force was not the cause of bearing failure of the mortar at the front of the rib which is Photo is upside down.
assumed in the present design method.
Steel bearing capacity for CWR load
We need to prevent the mortar from initiating the crack under the daily disturbances like CWR load. Considering the behavior as shown in Fig.11 (a) , the horizontal and vertical loads at the initiation of the mortar crack are plotted in Fig.12 in order to determine the steel bearing capacity for CWR load. We can see the linear relation between the horizontal and vertical load. Figure. 12 also shows the relationship between the horizontal and vertical loads acquired from the moment equilibrium when the steel bearing starts to rotate upward. Judging from this figure, at a vertical load below 200 kN, the steel bearing rotates under a horizontal load smaller than that for the crack initiation. However, the steel bearing of ST2 broke with the mortar crack in the same way as ST7 and ST9. The reason for this is thought to be from a part of the horizontal load generated by the friction on the bottom surface of the steel bearing.
From the above it was concluded that the line of the Fig.12 can be used as the steel bearing capacity for CWR load. Following on, it is then necessary only to check whether CWR load is below this line according to the vertical load in the design verification. In Fig.12 a plot was made of the standard cases of CWR installation on the deck girder used for 10, 20 and 30 m spans. In these cases it was assumed that the CWR was on unmovable sections and the horizontal loads of these plots were calculated as the design value for CWR load based on the considerations in Section 2.3. It was found from Fig. 12 that CWR could be installed on deck girders with spans of 10, 20 and 30 m, since the plots were below the capacity line in each case.
Conclusions
CWR load was measured on an existing bridge and laboratory tests were conducted in order to evaluate the influence of installing CWR on an existing bridge, in terms of CWR load and steel bearing capacity. The following findings were made: It is difficult to determine CWR load from the given conditions since the resistance to rail-creepage varies greatly. However CWR load in unmovable sections can be used as a design value, although the actual resistance to rail-creepage tends to be much larger than the set value.
Under CWR load, the steel bearing breaks through a combination of steel bearing rotation and mortar cracking at the lower end of the rib. This failure behavior differs from what is assumed in present design methods. The steel bearing capacity can be evaluated by the relation between the horizontal and vertical load.
Based on the above considerations, it can be concluded that CWR can be installed on existing steel bridges on unmovable sections on deck girder type bridges with a span under 30 m. One condition for installing CWR is for the steel bearing to have an anchor bolt and the mortar to have enough compressive strength.
